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pH-sensitiveThe phase behavior of mixtures formed with palmitic acid (PA) and one of the following sterols
(dihydrocholesterol, ergosterol, 7-dehydrocholesterol, stigmasterol and stigmastanol), in a PA/sterol molar
ratio of 3/7, has been characterized by IR and 2H NMR spectroscopy at different pH. Our study shows that it is
possible to form liquid-ordered (lo) lamellar phases with these binary non-phospholipid mixtures. The
characterization of alkyl chain dynamics of PA in these systems revealed the large ordering effect of the
sterols. It was possible to extrude these systems, using standard extrusion techniques, to form large
unilamellar vesicles (LUVs), except in the case of ergosterol-containing mixture. The resulting LUVs
displayed a very limited passive permeability consistent with the high sterol concentration. In addition, the
stability of these PA/sterol self-assembled bilayers was also found to be pH-sensitive, therefore, potentially
useful as nanovectors. By examining different sterols, we could establish some correlations between the
structure of these bilayers and their permeability properties. The structure of the side chain at C17 of the
sterol appears to play a prime role in the mixing properties with fatty acid.+1 514 343 7586.
eur).
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Cholesterol (Chol) and saturated linear fatty acid can form ﬂuid
lamellar phases with cholesterol content between 65, and 70 mol%
[1–4]. The fatty acid in the resulting phase displays a very high chain
order, likely because of the high cholesterol content, while both
cholesterol and fatty acid display a fast rotational mobility, on the 2H
NMR time scale (∼10−5 s). Therefore a liquid-ordered (lo) phase,
analogous to those formed by phospholipid/sterol systems (e.g. [5–
7]) was proposed. A very low thermal expansion coefﬁcient has been
predicted for these bilayers, a property that could be associated to the
small size of the hydrophilic part of the molecular constituents [4].
The cholesterol content in these ﬂuid bilayers is considerably higher
than the reported cholesterol solubility in phospholipid bilayers [8].
Despite the high cholesterol content, the fatty acid/cholesterol
systems can be extruded, using standard methods, to form large
unilamellar vesicles (LUVs) [4]. These LUVs showed a permeability
that is much more limited than that found for phospholipid/Chol
systems. Because the state of protonation of the fatty acid affects the
stability of these bilayers, palmitic acid (PA)/Chol LUVs are pH-
sensitive and this property can be exploited to induce pH-triggered
release of the content, a characteristic that can be useful for controlled
release of drugs.It has been shown that it was also possible to prepare these high
sterol content non-phospholipidic liposomes with cholesterol sul-
phate [9]. At this point, the understanding of the molecular
prerequisites leading to the formation of these ﬂuid bilayers, prepared
from a high proportion of cholesterol and a monoacylated amphi-
philes, is limited. It has been found that hydrophobic matching
between the length of the acyl chain fatty acid and that of the long axis
of cholesterol is required to form stable bilayers [3]. It is postulated
that this matching maximizes the interactions between the two
molecular species, preventing a phase separation that would lead to
the destabilization of the ﬂuid bilayers. At the interfacial level, the
electrostatic interactions appear to be a critical parameter for the
stability of the ﬂuid bilayers. In the presence of cholesterol, it was
shown that the ﬂuid lamellar phases were more stable when large
fraction of the carboxylic groups were unprotonated [1,2]. The
substitution of cholesterol by cholesterol sulphate changed drastically
this behavior [9]. In the presence of cholesterol sulphate, ﬂuid bilayers
were stable at low pH, when PAwas protonated, and became unstable
at high pH, upon deprotonation of PA.
In the present paper, we examine whether the formation of ﬂuid
bilayers with palmitic acid is a general behavior shared by several
sterol molecules or if it is a peculiar property of cholesterol, and
cholesterol sulphate. It has been shown that several sterols share a
common impact on the properties of phospholipid bilayers [10–20].
For example, several sterols were shown to rigidify the phospholipid
acyl chains, even though the extent of the rigidiﬁcation depends on
the molecular details of the sterol structure. Similarly the induction of
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sterols. On the basis of these similarities observed for phospholipid
bilayers, a “universal behavior” of sterol has been recently proposed
[13]. We have examined the phase behavior of mixtures of pal-
mitic acid with 5 different sterols: dihydrocholesterol, ergosterol,
7-dehydrocholesterol, stigmasterol and stigmastanol; their structures
are presented in Fig. 1. All these investigated sterol are neutral, have a
hydroxyl group at the position 3, and methyl groups are present at
positions C10, and C13. Their dimensions are comparable and they are
classiﬁed as membrane-active sterol [21]. Cholesterol, dihydrocho-
lesterol and 7-dehydrocholesterol bear the same alkyl side chain at
C17 whereas ergosterol, stigmastanol, and stigmasterol include a
trans double bond at C22–C23 and a methyl or ethyl group at C24.
Differences are also observed at the steroid skeleton level. Cholesterol
and stigmasterol have a double bond between C5 and C6. The ring
network is completely saturated for dihydrocholesterol and stigmas-
tanol whereas 2 conjugated C=C bonds are present at C5–C6 and C7–
C8 in 7-dehydrocholesterol and ergosterol. Ergosterol is the main
sterol in fungal membranes whereas stigmasterol is a predominant
plant sterol. 7-dehydrocholesterol is a cholesterol precursor. The
phase behavior of thesemixtures was characterized by IR and 2H NMR
spectroscopy. The comparison of the behavior of these different
mixtures provides additional insights into the rules dictating the
formation of self-assembled ﬂuid bilayers with high sterol content. In
addition we have examined the possibility to form LUVs with the
mixtures forming ﬂuid lamellar phases and we have characterized
their permeability in order to establish a relationship between the
structure of these bilayers and their permeability properties. The
characterization of the inﬂuence of the molecular details of the sterol
molecules on the properties of these non-phospholipid bilayers also
brings, by extension, insights into their inﬂuence on phospholipid
bilayers and biological membranes.Fig. 1. Formula of the vario2. Materials and methods
Cholesterol (N99%), dihydrocholesterol (95%), ergosterol (75%),
7-dehydrocholesterol (N85%), stigmasterol (95%), stigmastanol
(95%), PA (99%), tris(hydroxymethyl)aminomethane (TRIS) (99%),
2-[N-morpholino]ethansulfonic acid (MES) (N99%), ethylenediami-
netetraacetic acid (EDTA) (99%), NaCl (N99%), Triton X-100 (99%),
and deuterium-depleted water (N99.99%) were supplied by Sigma
Chemical Co. (St. Louis, MO, USA). Deuterated palmitic acid (PA-d31)
(98.9%) was supplied from CDN Isotopes (Pointe-Claire, QC, Canada).
Calcein (high purity) has been obtained from Molecular Probes
(Eugene, OR, USA). Sephadex G-50 Medium was purchased from
Pharmacia (Uppsala, Sweden). Methanol (spectrograde) and benzene
(high purity) were obtained from American Chemicals Ltd. (Montreal,
QC, Canada), and BDH Inc. (Toronto, ON, Canada), respectively. All
solvents and products were used without further puriﬁcation.
Mixtures of PA and sterol were prepared by dissolving weighed
amounts of the solids in a mixture of benzene/methanol 95/5 (v/v).
The solutions were then frozen in liquid nitrogen and lyophilized for
at least 16 h to allow complete sublimation of the organic solvent. For
the 2H NMR and IR experiments, PA was replaced by PA-d31. In this
study, all the mixtures had a PA/sterol molar ratio of 3/7 because this
ratio was shown to lead to ﬂuid lamellar phases with cholesterol and
cholesterol sulphate [2,9]. The freeze-dried lipid mixtures were
hydrated with an MES/TRIS buffer (TRIS 50 mM, MES 50 mM, NaCl
10 mM, EDTA 5 mM) providing a buffered range between pH 5 and 9.
The buffer was prepared with deuterium-depleted water for IR
spectroscopy and 2H NMR samples. The ﬁnal lipid concentration was
30 mg/mL for IR spectroscopy and 2H NMR experiments. The
suspensions were subjected to ﬁve cycles of freezing-and-thawing
(from liquid nitrogen temperature to 75 °C) and vortexed between
successive cycles, to ensure a good hydration of the samples. Afterus investigated sterols.
Fig. 2. Thermotropism of PA-d31 in PA-d31/sterol (3/7 molar ratio) mixtures at pH 7.4
and 8.4, probed using the νC–D band position. The sterol in the mixture was
dihydrocholesterol (□), 7-dehydrocholesterol (●), stigmastanol (▲), stigmasterol
(○), or ergosterol (▼).
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addition of HCl or NaOH diluted solution.
The IR spectra were recorded on a Thermo Nicolet 4700
spectrometer, equipped with a KBr beam splitter and a DTGS-
L-alanine detector. Brieﬂy, an aliquot of the sample was placed
between two CaF2 windows separated by a 5 μm-thick Teﬂon ring.
This assembly was inserted in a brass sample holder, whose
temperature was controlled using Peltier thermopumps. Each
spectrumwas the result of 60 scans with a nominal 2 cm−1 resolution
Fourier transformed using a triangular apodization function. The
temperature was varied from low to high, with 2 °C steps and a 5 min-
incubation period prior to the data acquisition. The reported band
positions correspond to the centers of gravity calculated from the top
5% of the band.
The 2H NMR spectra were recorded on a Bruker AV-400
spectrometer, using a Bruker static probe equipped with a 10 mm
coil. A quadrupolar echo sequence was used with a 90° pulse of 6.1 μs
and an interpulse delay of 26 μs. About 1 mL of the sample was
transferred into a home-made Teﬂon holder after hydration. The
recycling time was 60 s. In the absence of a slow-relaxation
component, namely a solid phase, the recycling delay was reduced
to 0.3 s. Typically 4000 FID were co-added. The temperature was
regulated using a Bruker VT-3000 controller. The characteristic ﬂuid-
phase spectra were dePaked using an iterative method [22]. However
the recorded spectra of PA/ergosterol and PA/stigmasterol mixtures,
at pH 8.4, were typical of partially oriented samples and the dePaked
spectra exhibit unphysical negative amplitudes. In these cases, the
regularization dePakeing algorithm was used [23]. The smoothed
order proﬁles were extracted from the dePaked spectra using an
established procedure [24]. This approach assumes a monotonic
decrease of orientation order along the alkyl chain, from the head
group toward its end. The quadrupolar splitting of the terminal CD3
was, however, measured directly on the dePaked spectra as it was
always well resolved. The orientational order parameters, SC–D, were
calculated from these splittings. The proportions of the different
phases could be estimated from the 2H NMR spectra. The solid phase
proportions were obtained from the area integrations prior to and
after the subtraction of the solid spectral component. When present,
the isotropic phase proportion was similarly estimated from the area
integrations prior to and after the elimination of the narrow central
peak. The remaining area was associated with the lo phase.
The permeability of the LUVs was measured using a standard
procedure based on the self-quenching property of calcein at high
concentration [25,26]. LUVs loaded with calcein (80 mM) were
prepared from PA/sterol mixtures in the previously described MES/
TRIS buffer, pH 7.4 to obtain a ﬁnal lipid concentration of 20 mM. The
LUVs were prepared by extrusion using a handheld Liposofast
extruder (Avestin, Ottawa, Canada). The dispersions were passed 15
times through two stacked polycarbonate ﬁlters (100 nm-pore size)
at ∼75 °C. Calcein-containing LUVs were separated at room temper-
ature from free calcein by gel permeation chromatography, using
Sephadex G-50 Medium (column diameter: 1.5 cm, length: 25 cm),
equilibrated with an iso-osmotic MES/TRIS buffer (MES 50 mM, TRIS
50 mM, NaCl 130 mM, EDTA 5 mM, pH 7.4). The collected vesicle
fraction was diluted 100 times and these stock LUV suspensions were
incubated at a given temperature. Fluorescence intensities were
recorded on a SPEX Fluorolog spectroﬂuorometer and the excitation
and emission wavelengths were 490 and 513 nm and the bandpath
widths were set to 1.5 and 0.5 nm respectively. To determine the
proportion of entrapped calcein, its ﬂuorescence wasmeasured before
and after the addition of 10 μL of Triton X-100 solution (10% (v/v) in
the MES/TRIS buffer). The ﬂuorescence intensity, measured after
addition of the detergent, corresponded to the complete calcein
release, and was used to normalize the leakage.
To study the passive leakage, the calcein ﬂuorescence intensity
was measured from an aliquot of the stock LUV suspension, freshlyisolated by gel permeation chromatography, prior (Ii) and after (Ii+T)
the addition of Triton X-100. These intensity values corresponded to
t=0 for the kinetic studies, and it was assumed that the calcein was
completely encapsulated. After a given incubation time, the calcein
ﬂuorescence intensity was measured on another aliquot of the same
stock LUV suspension before (If) and after (If+T) the addition of Triton
X-100. The percentage of encapsulated calcein remaining at that time
in the LUVs was calculated as follows:
% of encapsulated calcein =
If + T  If
 
= If + T
Ii + T  Ii
 
= Ii + T
0
@
1
A × 100: ð1Þ
The % of release corresponded to (100−% of encapsulated calcein).
The pH-triggered leakage of calcein was also examined. The pH
was modiﬁed by adding aliquots of a diluted NaOH or HCl solution,
and the calcein ﬂuorescence intensities were measured immediately
after the stabilization of pH, typically after ~2minutes. The percentage
of released calcein was calculated with the relation presented above,
except Ii and Ii+T corresponded to the measurements at the initial pH,
before and after the addition of Triton X-100 respectively. If and If+T
were obtained on an aliquot at a modiﬁed pH, before and after the
addition of Triton X-100 respectively. The pH effect was examined for
either an increase or a decrease in pH. The calcein ﬂuorescence
intensity was relatively constant over the investigated pH range [25].
The hydrodynamic diameters of the LUVs were measured at 25 °C
using a Coulter N4 Plus quasi-elastic light scattering apparatus
coupled with a Malvern autocorrelator. The scattering light intensity
was adjusted by diluting the dispersions with the MES/TRIS buffer.
3. Results
3.1. IR spectroscopy experiments
The thermotropism of various PA-d31/sterol mixtures was exam-
ined at pH 7.4 and 8.4, using the shift of the symmetric C–D stretching
mode of the methylene groups (νC–D) in the IR spectra (Fig. 2). As the
sampleswere also used for 2H NMR spectroscopy, the deuterated form
of the fatty acid was used; this also presents the advantage of avoiding
spectral interferences associated with sterols in the C–H stretching
region. The νC–D mode is mainly sensitive to trans-gauche isomerisa-
tion along the acyl chains and to interchain coupling [27,28],
providing a sensitive probe for transitions involving the introduction
of chain conformational disorder. At pH 7.4, the spectra of PA-d31/
stigmasterol and PA-d31/ergosterol mixtures displayed, at low
Fig. 3. pH dependence of the νCO mode of the PA carboxylic/carboxylate group in PA/
dihydrocholesterol mixture (3/7 molar ratio) at room temperature. The spectra were
normalized to provide a constant area of the νCO bands.
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deuterated lipids in the solid state [1,29]. At ∼55 °C, an abrupt shift of
the νC–D band position was observed, leading to νC–D band at
2094.5 cm−1, a value typical for disordered chains. This variation is
therefore characteristic of a solid-to-disordered phase transition. In
contrast, the νC–D band position remained relatively constant at
2091.5 cm−1 over the whole investigated temperature range for the
PA-d31/dihydrocholesterol and PA-d31/7-dehydrocholesterol mix-
tures. This value is typical of those measured for systems in the lo
phase. PA-d31/stigmastanol shows an intermediate behavior: there
was a small shift of the νC–D band between 45 and 50 °C, going from
2089.5 to 2091.5 cm−1. An analogous thermal behavior was observed
at pH 8.4 except that the amplitude of the transition of the PA-d31/
stigmasterol and PA-d31/ergosterol mixtures was considerably re-Fig. 4. The CD2 deformation band shape for variousduced. The νC–D band was located at about 2092 cm−1, corresponding
to the values observed for the lo phase.
The protonation state of PA-d31 has been examined using IR
spectroscopy. This technique is highly suitable for addressing this
question as the protonated and unprotonated forms lead to two well
resolved bands [2,4,30]. The C=O stretching associated to the COOH
group is locatedat around1700 cm−1whereas theC–Ostretchinggroup
of the COO− is found at 1550 cm−1, because of the weakening of the
covalent bond. The changes associatedwith thepH variations are shown
for the relevant region of the IR spectrum of PA/dihydrocholesterol
mixture (Fig. 3). At low pH, the region is dominated by a band at
1700 cm−1, showing that the fatty acid molecules were all protonated.
Upon a pH increase, there was a decrease of the intensity of this
component and, in parallel, the intensity of the component associated to
unprotonated acid, at 1550 cm−1, increased. These changes demon-
strated thedeprotonationof PA-d31 inserted in these sterol-richbilayers.
The apparent pKa could be estimated to ∼7, a value consistent with the
apparent pKa reported for PA/Chol mixtures [9] as well as for PA
incorporated in other ﬂuid lipid matrices [30,31]. Analogous changes
were observed for the other sterol mixtures investigated in this work
(data not shown).
The CD2 deformationmode δ(CD2), between 1080, and 1100 cm−1,
was examined to characterize the chain packing of the fatty acid
(Fig. 4). At 30 °C, the δ(CD2) mode of PA-d31/stigmasterol and PA-d31/
ergosterol mixtures gave rise, for both pH 7.4 and 8.4, to two
components located at 1091 and 1086 cm−1. This splitting is typical
of crystalline fatty acid chains packed in an orthorhombic symmetry
[32]. This splitting resulted from an interchain coupling that is only
possible when the vibrations of adjacent molecules have similar
frequencies. Therefore it implies that the sterol was practically
excluded from the PA crystalline domains, as the splitting corre-
sponded to that observed for pure PA-d31 [32–34]. Only a single
component at 1088 cm−1 was observed for the mixtures prepared
from PA-d31/dihydrocholesterol and PA-d31/7-dehydrocholesterolPA-d31/sterol mixtures (3/7 molar ratio, 30 °C).
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molecules in these mixtures do not form solid phase with orthorhom-
bic chain packing. This single band is compatible with the formation of
a lo lamellar phase as suggested from the νC–D band position. In the
case of PA-d31/stigmastanol mixture, it seems that there was the
coexistence of the doublet at 1091 and 1086 cm−1 and the single
component at 1088 cm−1, giving rise to a broad signal in this region.
The proportion of the doublet appears to be decreased at pH 8.4
compared to pH 7.4; this is consistent with the conclusion that higher
pH favors the ﬂuid phase, the solid phase being more stable at low pH.
3.2. NMR experiments
Fig. 5 presents the 2H NMR spectra of PA-d31/dihydrocholesterol,
and PA-d31/stigmasterol mixtures, with a molar ratio of 3/7, at
various pH and temperatures; these are representative of the spectra
recorded for the various PA-d31/sterol mixtures. The spectra of PA-
d31/dihydrocholesterol system, pH 7.4 (Fig. 5B), are essentially
characteristic of a ﬂuid lamellar phase component; they correspond
to several overlapping and unresolved powder patterns with different
quadrupolar splittings, associated with the gradient of orientational
order existing along the acyl chains [1,5,35,36]. The quadrupolar
splitting of the outermost doublet of the spectrum recorded at 25 °C is
54 kHz. This large value is typical of lipids in the lo phase [1,5,13]. The
spectra of PA-d31/stigmasterol system recorded, at pH 7.4, include 3
components characteristic of different phases (Fig. 5C). First, a solid
phase component corresponds to two superimposed powder patterns
with quadrupolar splittings measured between their maxima of 35
and 120 kHz. This signal is consistent with solid fatty acid for which
the acyl chain is in an all-trans conformation and immobile (on theFig. 5. 2H-NMR spectra of (A) PA-d31/dihydrocholesterol mixture, pH 5.5; (B) PAd31/dihydr
pH 8.4 (PA-d31/Sterol 3/7 molar ratio). Temperatures were indicated on the top of each coNMR time scale) [1,35,37]. The broader pattern is associated with the
equivalent CD2 groups along the chain while the narrower powder
pattern corresponds to the terminal CD3. Second, a ﬂuid lamellar
phase is observed. Third, a narrow peak centered at 0 kHz is
associated with isotropic phase. At 25 °C, the spectrum is essentially
composed of the solid and lo components. Upon heating, there is a
signiﬁcant decrease in the proportion of the solid component. At
65 °C, the solid signal has completely disappeared and the appearance
of the narrow line indicates the formation of a new phase, where fatty
acid molecules experience isotropic motion. It should be noted that
neither liquid-disordered phase nor gel phase was observed.
A decrease of pH favors the formation of the solid component. At
25 °C, the 2H NMR spectra of PA-d31/dihydrocholesterol mixture at pH
7.4 are typical of the lo phase. At pH 5.5, however, the spectrum
includes a solid and a ﬂuid lamellar components (Fig. 5A). The
proportion of solid was estimated to 56%. At 65 °C, only the ﬂuid
component is observed and its width is found to be practically
independent of the pH. The spectra of PA-d31/stigmasterol mixture
show the same trend. For example, at 25 °C, the spectrum includes a
larger proportion of the solid component at pH 7.4 than at pH 8.4. This
feature is consistent with previous studies on PA/cholesterol systems
[2].
Fig. 5D shows the evolution of the 2H NMR spectrum of PA-d31/
stigmasterol, pH 8.4, as a function of temperature. At low tempera-
tures, the spectra show a coexistence of solid and lo phases. There is a
melting of the solid phase between 45, and 55 °C, a temperature at
which only the ﬂuid component is observed. It is interesting to point
out that in this case, as well as in the case of PA-d31/ergosterol, the
spectra are typical of oriented bilayers. The intensity of the shoulders,
corresponding to lipids with their rotation axis parallel with theocholesterol mixture, pH 7.4; (C) PA-d31/stigmasterol, pH 7.4; (D) PAd31/stigmasterol,
lumn.
Fig. 7. Orientational order proﬁle of PA-d31 alkyl chain, obtained from the lamellar
fraction of PA-d31/Chol (*), PA-d31/dihydrocholesterol (□), PA-d31/7-dehydrocholes-
terol (●), PA-d31/stigmastanol (▲), PA-d31/stigmasterol (○), and PA-d31/ergosterol (▼)
mixtures. For all the mixtures, the PA-d31/sterol molar ratio was 3/7 and pH was 8.4.
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powder pattern associated to a random orientation distribution. By
comparing the quadrupolar splittings of these spectra with those
obtained with other sterols, the bilayers formed by these systems
partially orient with their normal perpendicular with the external
magnetic ﬁeld. It was inferred from the spectra analysis assuming an
ellipsoidal orientation distribution of the lipids that, at 65 °C, the ratio
of long/short ellipsoidal axes was 2.3 and 2.1 for the PA-d31/
stigmasterol and PA-d31/ergosterol mixtures, respectively.
In order to summarize the thermal evolution of the different
phases, as calculated from the 2H NMR spectra, is presented in Fig. 6.
For PA-d31/dihydrocholesterol and PA-d31/7-dehydrocholesterol
mixtures, the spectra indicated that the mixture formed exclusively
a lo lamellar phase over the investigated temperature range. The
mixtures with stigmastanol, stigmasterol, and ergosterol included, at
25 °C, the coexistence of a solid and a lo lamellar components. An
increase in temperature led to the decrease of the proportion of solid
PA-d31 and eventually to the disappearance of this component; these
transitions are consistent with the IR spectroscopy results. The
mixtures including stigmasterol and ergosterol had the largest
fraction of solid phase at low temperature. Above ∼60 °C, no solid
component could be observed. For these mixtures that included a
solid fraction at low temperatures, it was also observed that heating
above 60 °C led to the formation of an isotropic phase (expressed on
the ﬁgure as a decrease of the % of lo phase). The proportion of the
isotropic phase increased upon heating to reach between 49 and 20%
at 65 °C.
The smoothed order proﬁles associated with the ﬂuid lamellar
component in the spectra of PA-d31/sterol mixtures, pH 8.4, are
presented in Fig. 7. This pH was selected because all the systems
displayed lo phases except PA-d31/stigmasterol mixture at low
temperature. The order proﬁles were all typical of the lo phase [1,2,5].
The region near the interface displayed a relatively constant and high
orientational order, followed by an abrupt decrease of order along theFig. 6. Thermal evolution of the phase composition of the various PA-d31/sterol
mixtures (molar ratio of 3/7). A) Solid and B) lo phase proportions versus temperature
for PAd31/Chol (*), PA-d31/dihydrocholesterol (□), PA-d31/7-dehydrocholesterol (●),
PAd31/stigmastanol (▲), PA-d31/stigmasterol (○), and PA-d31/ergosterol (▼) mixtures,
pH 7.4.chain toward the middle of the bilayer. The order parameter in the
plateau regionwere very high, varying, at 25 °C, between 0.45 and 0.47,
indicative of PA acyl chains that are nearly in an all-trans conﬁguration.
All the investigated sterols gave rise to high PA-d31 acyl chain order. An
increase of temperature led to a decrease of orientational order.
Typically, between 25 and 65 °C, the averaged SC–D decreased by
about 10%. It should be noted that the fatty acid chain in the PA-d31/
stigmastanol, PA-d31/stigmasterol, and PA-d31/stigmasterol mixtures
was slightly less ordered near the end of the chain (carbon positions 14
to 16) than that observed for themixtureswith other sterols, suggesting
a local effect of the bulky alkyl tail group.
3.3. PA/sterol LUVs
It has been shown that, despite the very high cholesterol content, it
is possible to extrude the PA/Chol or PA/Schol mixtures, at neutral pH
[4,9]. We have therefore examined the possibility to prepare LUVs
from the PA/sterol mixtures. The extrusions were carried out at pH
7.4 and room temperature. Table 1 summarizes the results, including
PA/Chol system as a control. Only the PA/ergosterol mixture could
not be extruded in these conditions; the presence of solid particles
blocking the pores of the ﬁlters was likely the origin of this
phenomenon. For PA/Chol, PA/stigmastanol and PA/dihydrocholes-
terol mixtures, LUVs with a unimodal size distribution were obtained
and their average size, as determined by dynamic light scattering, was
consistent with the diameter of the pores in the polycarbonate ﬁlters
(100 nm). For PA/stigmasterol and PA/7-dehydrocholesterol mix-
tures, a bimodal distribution was observed after extrusion. The mean
hydrodynamic diameter of one population was close to 100 nm, likelyTable 1
Characteristics of extruded LUVs for various PA/sterol 3/7 (molar ratio) mixtures.
dLUVs (nm) (proportion) Initial self-quenching
PA/Chol 117±22 (100%) 0.871±0.013
PA/dihydrocholesterol 103±23 (100%) 0.930±0.019
PA/7-dehydrocholesterol 114±33 (72%) 0.908±0.007
255±68 (28%)
PA/ergosterol Impossible to extrude
PA/stigmastanol 121±21 (100%) 0.80±0.10
PA/stigmasterol 80±10 (52%) 0.844
192±37 (48%)
Fig. 8. Passive leakage at room temperature from PA/Chol (◊), PA/dihydrocholesterol
(○), PA/7-dehydrocholesterol (▿), PA/stigmastanol (■), and PA/stigmasterol (▲)
LUVs. For all the mixtures, the PA-d31/sterol molar ratio was 3/7 and pH was 7.4.
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ﬁlters while the mean diameter of the other population was much
larger than 100 nm. The trapping capacity of these LUVs was assessed
by ﬂuorescence. The initial self-quenching of calcein entrapped in the
LUVs was between 0.80 and 0.93. These values were close to that
expected for the encapsulation of an 80 mM calcein solution [25,38]
demonstrating the efﬁcient trapping during the extrusion process and
the isolation of the calcein-loaded LUVs.
The passive release from these vesicles was determined as a
function of time (Fig. 8). The passive leakage was found to be
dependent on the nature of the sterol. It could be characterized by the
time for which half the calcein was released (t1/2). This parameter
corresponded to 20, 30, and 70 days for PA/stigmasterol, PA/
stigmastanol, and PA/7-dehydrocholesterol LUVs respectively. The
leakage was even more limited for PA/Chol, as previously shown [4],
and for PA/dihydrocholesterol LUVs that showed a release of about
30% of the content after 80 days of incubation.
3.4. Effect of pH on PA/sterol LUVs
Because of the presence of the carboxylic group, LUVs formed with
Chol and Schol were shown to be pH-sensitive [9]. In order to detail
the impact of the sterol structure on the pH-sensitivity, the leakage of
PA/stigmastanol and PA/dihydrocholesterol LUVs (the 2 systems that
provided LUVs with a unimodal size distribution) was characterized
as a function of the external pH; PA/Chol LUVs were also included inFig. 9. pH-triggered release of calcein from PA/Chol (◊), PA/dihydrocholesterol (○),
and PA/stigmastanol (■) LUVs. The LUVs were prepared at pH 7.4 and the % release was
measured after the change of the external pH.the study as a control. Fig. 9 displays the potential of these LUVs for
pH-triggered leakage as the content release is shown to be strongly
dependent on the external pH. The pH proﬁle of this release was
similar for the 3 investigated systems. For pH≥6, the LUVs remained
stable, even when the external pH was increased to 9.5. When the
external pH was decreased to lower values, a release was then
triggered. At pH 4, most of the content was rapidly liberated. The
different structural details of the investigated sterols did not seem to
have a signiﬁcant impact on this behavior. The protonated/unproto-
nated state of the carboxylic group is a key parameter in this behavior
[4] and most likely dictates the release properties.
4. Discussion
The present study reveals the impact of the nature of the sterol on
the general behavior of PA/sterol systems. We show that, similar to
previous observations with cholesterol and Schol [1,9], mixtures of
several neutral sterols with PA give rise to the formation of stable lo
lamellar phases with a high sterol content. All the investigated
membrane-active sterols were shown to induce the ordering of the PA
alkyl chain, and to lead to the formation of ﬂuid bilayers. These
systems, except those including ergosterol, could be extruded using
standard extrusion techniques to provide LUVs. The alkyl chain
ordering effect of the sterols is analogous to the previous observations
on their effect on phospholipid bilayers [7,10,13,36,39–42]. The
impact is associated with the presence of the 3-OH group that orients
the sterol in the bilayers, the rigid and relatively ﬂat steroid cycle
network, and the ﬂexible alkyl chain at position C17.
It should be pointed out that the sterol content in the bilayers
investigated in the present paper is considerably higher than that
typically used in phospholipid bilayers [8]. It has been shown that gel-
phase bilayers could not be extruded by standard procedure [43].
Their resistance is associated with their high deformation modulus.
The sterols of the non-phospholipidic bilayers prepared here appears
to decrease the modulus in such a way that extrusion becomes
possible if one excludes ergosterol; this sterol seems to have a limited
solubility when combined with PA as discussed below.
The pH-sensitivity of the PA/sterol mixtures also displays similar
features. The stability of the lamellar phase and the resulting
liposomes is directly dictated by the protonation state of the fatty
acid. All the investigated mixtures were shown to formmore stable lo
lamellar phase at high pH, when most of the PA is unprotonated. At
lower pH, when a signiﬁcant fraction of the PA molecules are
protonated, the bilayers become less stable. This behavior has been
described in detail for the PA/Chol mixture [2,9]. In the investigated
mixtures, we observed that a lower pH favored the formation of solid
PA. In parallel, the decrease of the external pH triggered the release of
the encapsulated material in the high sterol content LUVs. These
results establish that the protonation state of the acid is a main feature
dictating the bilayer stability. It has been proposed that the repulsion
between the negatively charged unprotonated PA favors their mixing
with the sterol molecules in order to limit this unfavorable
contribution to the free energy [2].
Even though a general behavior is induced by the various
investigated neutral sterol, the nature of the sterol modulates its
details in themixtures with PA. On the basis of their behavior with PA,
the investigated sterols can be divided into 2 groups: cholesterol,
dihydrocholesterol and 7-dehydrocholesterol formed exclusively lo
bilayers with 30(mol)% PA at room temperature, at pH 7.4 whereas
the mixtures with ergosterol, stigmastanol, and stigmasterol included
a signiﬁcant proportion of solid PA, as inferred from the 2H NMR
spectra and the δ(CD2) of the IR spectra. Moreover, the latter give rise
to an isotropic phase upon heating above 60 °C. In parallel, the
liposomes formedwith sterol in the ﬁrst group showed systematically
a reduced passive permeability compared to those formed with a
sterol from the second group. Ergosterol appears to be an extreme
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extruded liposomes, likely because it has a limited solubility with PA
and the solid sterol particles would clog the ﬁlter pores. From a
structural point of view, the sterols of the ﬁrst group bear the same
alkyl side chain at C17 whereas the sterol of the second group include
a trans double bond at C22–C23 and a methyl or ethyl group at C24.
This difference is the likely origin of the different behavior. An alkyl
substituent at C24 and a double bond between C22 and C23 have been
previously identiﬁed as structural features limiting the interactions
between the sterols and phospholipids [44]. These functional groups
are proposed to lead to a bulkier and stiffer alkyl side chain at position
17. For example, the cross-sectional area of ergosterol was found to be
signiﬁcantly larger (+21%) than that of cholesterol [45]. Interestingly
there is no consensus relative to the impact of this molecular change
on the properties of phospholipid bilayers. Some studies report that
the bulkier and stiffer alkyl chain limits the chain motions of the
surrounding phospholipid and/or account for stronger van der Waals
interactions and therefore causes a large ordering effect [10,12]. An
analogous rationale has been proposed to explain the reduced out-of-
plane motion of ergosterol compared to cholesterol in DPPC ﬂuid
bilayers [11]. Conversely, other studies conclude that a large alkyl
moiety at position 17 prevents the tight packing of the lipids and
sterols bearing this bulky side chain leading to a reduced ordering
effect compared to cholesterol. For example, it was observed that
cholesterol leads to a larger stabilization of the lo phase in
sphingomyelin bilayers compared to stigmasterol and ergosterol
[46]. Similarly the condensing power of cholesterol on DPPC,
sphingomyelin and POPC bilayers was found to be larger than that
of ergosterol [12,19,47,48], a conclusion also supported by a
monolayer study [49]. Cholesterol leads also to a larger increase of
the bilayer bending rigidity than ergosterol [14]. These different
effects may be related to the different parameters such as the
unsaturation level of the alkyl chain of the interacting molecule, the
proportion of sterol, and the temperature [10,50]. In the present
system, it is clear that the bulky alkyl group at position 17 unfavors
the formation of ﬂuid bilayers with PA. In parallel, a temperature
increase promotes the formation of lo phase bilayers in the presence
of the sterols with bulky alkyl groups, suggesting an entropy-driven
phenomenon. It is proposed that the bulky alkyl group reduces the
van der Waals intermolecular interactions once incorporated in
bilayer geometry. This decrease and the resulting reduction of the
enthalpic term would lead to a phase separation and to the formation
of solid PA-d31 and, very likely, solid sterol. This conclusion is in good
agreement with the limited solubility of stigmasterol recently
reported in phospholipid bilayers that was attributed to “chain
packing incompatibility” [50]. A reduced solubility in phosphatidyl-
choline bilayers was also reported for stigmasterol and ergosterol
compared to cholesterol [40].
In addition to displaying a reduced propensity to form lo phase
bilayers, stigmastanol, and stigmasterol mixed with PA-d31 form LUVs
with a reduced passive impermeability compared to cholesterol,
dihydrocholesterol and 7-dehydrocholesterol. This observation could
also be associated with the presence of the bulky alkyl side chain. The
increased efﬂux could be due to an overall lipid packing which is not
as tight as those obtained in the presence of sterol with a side chain at
C17 identical to cholesterol. It could also be associated with a
propensity of themixture to phase separate. This hypothesis would be
consistent with the reported effect of stigmasterol and cholesterol on
the water permeability of phosphatidylcholine bilayers [39]. It was
found that both sterols reduce the bilayer permeability to water but
the effect of stigmasterol was less pronounced, an effect mainly
attributed to the reduced alkyl chain ordering of the
phosphatidylcholine.
In conclusion, under certain conditions, the mixtures of PA and
various sterols can form ﬂuid ordered bilayers, which are analogous to
those previously reported for the PA/Chol and PA/Schol systems [1,2].Conventional method can be used to extrude the PA/sterol mixtures
to form stable LUVs, except PA/ergosterol system. The external pH can
trigger the release of the liposomes and the pH-sensitivity of these
PA/sterol LUVs is particularly helpful for their use as nanocarriers for
in vivo applications. All the sterols have the ability to order the acyl
chain. However, different architectures of sterols have different
propensities to form lo lamellar phase. Particularly, the structure of
the alkyl tail chain hasmore pronounced effects than the ring network
on the stability of the LUVs. The effect of the bulky group at the sterol
C17 position on the neighboring alkyl chains is likely also present in
phospholipid bilayers, as previously proposed. [12,19,46–49].
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